In this study, 1,3-propanediol (1,3-PDO) production by Klebsiella pneumoniae 141B strain using raw glycerol as substrate was investigated. Taguchi L18 orthogonal array (OA) was adopted to optimize nutritional (raw glycerol, yeast extract and calcium carbonate), physiological (incubation temperature and medium pH) and microbial (inoculum level) fermentation variables. These controlling fermentation factors were selected based on one variable at a time methodology. Raw glycerol, temperature and calcium carbonate were the most significant factors among the selected factors followed by pH and inoculum level. Yeast extract, however, showed the least significance on 1,3-PDO production at individual level, while in combination, it elucidated a remarkable severity index values of 64.81 and 58.17% with pH and temperature, respectively. At optimized environment, 53% contribution towards 1,3-PDO production was observed from selected fermentation parameters. The model was experimentally validated, yielding a 1,3-PDO production of 0.62 mol mol -1 of raw glycerol, which represented a 19% increase when compared to the non-optimized medium.
INTRODUCTION
Recently, global interest has been directed towards research and commercialization of several microbial fermentation technologies for chemical production. Several studies estimate the share of biotechnological processes in the production of various chemical products to be around 3.0% in 2004, however, they postulated that this figure will soar to about 15% by 2015 (Festel Capital, 2007) . Among all these chemical products, 1,3-propanediol (1,3-PDO) is the promising bulk chemical which has attracted worldwide attention, due to its enormous applications in polymers, cosmetics, foods, adhesives, lubricants, laminates, solvents, antifreeze and medicines (Cheng et al., 2007) . The development of new polyester, polypropylene terephthalate (PPT or polytrimethylene terephthalate-PTT) from 1,3-PDO requires a drastic increase in the production of this chemical (Gonzalez-Pajuelo et al., 2006) . PPT is biodegradable polyester that has great potential for use in carpet and textile manufacturing and is related to polyethylene terephthalate (PET) and polybutylene terephthalate (PBT) (Hao et al., 2006) . A number of microorganisms are able to grow anaerobically on glycerol as the sole carbon and energy source, such as Citrobacter freundii, Klebsiella pneumoniae, Clostridium pasteurianum, Clostridium butyricum, Enterobacter agglomerans, Enterobacter aerogenes and Lactobacillus reuteri for 1,3-PDO production (Da Silva et al., 2009) .
The transesterification of renewable biological sources such as vegetable oils and animal fat oils with an alcohol using alkaline or acid catalysts is the most common process for biodiesel production (Ma and Hanna, 1999; Tapanes et al., 2008) , yielding 1 mol of glycerol for every three fatty acid methyl esters (FAME). The tremendous growth of the biodiesel industry created a glycerol surplus that has resulted in a dramatic 10-fold decrease in crude glycerol prices to $0.05/lb (Johnson and Taconi, 2007) . For every 100 gal of biodiesel that is produced, 5 to 10 gal of the less glamorous raw glycerol are left behind with a sparking debate about the best uses of this waste (Da Silva et al., 2009) . Moreover, the excess glycerol generated may become an environmental problem, since it cannot be disposed off in the environment. Hence, the production of value added product like 1,3-PDO from glycerol would not only reduce the production cost of 1,3-PDO, but also improve the economic viability of biodiesel production.
Earlier studies were carried out for the production of 1,3-PDO from pure glycerol by Klebsiella species using Taguchi and Box-Behnken experimental designs (Galdeano et al., 2007; Gungormusler et al., 2010) . In our previous reports, a new strain of glycerol utilizing bacterium was isolated from the soil samples, which was identified as K. pneumoniae, designated as K. pneumoniae 141B (Vanajakshi and Annapurna, 2011b) and the effect of process parameters on 1,3-PDO production from pure glycerol were studied by Taguchi methodology (Vanajakshi and Annapurna, 2011a) . Owing to its high productivity from pure glycerol, K. pneumoniae 141B strain was employed in this study for the production of 1,3-PDO from raw glycerol to make the 1,3-PDO production as an economically feasible process. The specific objective of this investigation was to study the methodological application of Taguchi OA experimental design (DOE) and to optimize the nutritional and cultural parameters involved in the production of 1,3-PDO from raw glycerol.
MATERIALS AND METHODS
In this study, raw glycerol for the production of 1,3-PDO was taken from biodiesel pilot plant, Indian Institute of Chemical Technology, Hyderabad. Biodiesel was synthesized from Jatropha (Jatropha curcas), which is a non-edible oil having an estimated annual production potential of 200 thousand metric tonnes in India and it can be grown in waste land (Srivastava and Prasad, 2004) . Moreover, Jatropha oil contains about 14% free fatty acid (FFA), which is far beyond the limit of 1% FFA level that can be converted into biodiesel by transesterification using an alkaline catalyst (Tiwari et al., 2007) . The transesterification reaction was carried out with methanol-to-Jatropha oil in 5:1 molar ratio using 0.5% (w/v) KOH as an alkaline catalyst at 60°C for half an hour and the products were allowed to settle for overnight. The bottom glycerol layer was separated from top ester layer through separating funnel and the raw glycerol layer was further processed for the methanol recovery by distillation. Finally, the raw glycerol obtained with a purity 74% (w/w), was utilized as a cheap substrate for 1,3-PDO production. All other chemicals used were commercially obtained and were of analytical grade.
Microorganism
In this study, the organism used for the production of 1,3-PDO was isolated from soil samples collected from Indian Institute of Chemical Technology, Hyderabad. The isolated organism was identified as K. pneumoniae based on morphological, physiological and biochemical characteristics and it was deposited in IMTECH Chandigarh with the accession number K. pneumoniae MTCC 9751. The 16S rDNA sequence of this organism displayed the highest degree of homology (98%) with those of Klebsiella sp. and its EMBL accession number was FN820293.
Medium and culture conditions
The strain was maintained on growth medium (pH 7) containing (g l -1 ) yeast extract, 5; peptone, 10; sodium chloride, 9; glycerol, 20 and agar 20 and stored at 4°C. For seed culture development, the strain was grown on the medium consisting of all earlier mentioned components except agar. The production medium used for 1,3-PDO production contained (g l -1 ) raw glycerol, 20; K2HPO4, 0.69; KH2PO4, 0.25; (NH4)2SO4, 6; MgSO4.7H2O, 0.2; yeast extract, 1.5; and 0.1% (v/v) of trace element solution. The composition of the trace element solution was (mg l -1 ): MnSO4.4H2O, 100; ZnCl2, 70; Na2MoO4. 2H2O, 35; H3BO3, 60; CoCl2.6H2O, 200; CuSO4.5H2O, 29.28; NiCl2.6H2O, 25; FeSO4 solution, 0.2% (v/v) and 37% HCl, 0.9 ml. The composition of the FeSO4 solution was 5 g l -1 . The experiments were carried out by batch fermentation in 250 ml Erlenmeyer flasks containing 100 ml of the production medium with 2% (v/v) seed culture. After inoculation, the flasks were incubated in an orbital shaker (Labtech, Germany) at 37°C, 150 rpm for 8 h and analyzed for 1,3-PDO production. All experimental trials were performed in triplicate.
Analytical methods
The concentration of 1,3-PDO, glycerol, ethanol, 2,3-butanediol and succinic acid were determined by a high-performance liquid chromatography system (SHIMADZU 10A) equipped with an Aminex HPX-87H column (Bio-Rad) with a refractive index detector. The working conditions were: 0.005M H2SO4 as a mobile phase with a flow rate of 0.5 ml min -1 and 65°C as the working temperature. Biomass was determined by dry cell weight (DCW) method (Herbert et al., 1971) .
Statistical optimization and analysis of the results
Six different fermentation parameters such as pH, yeast extract, raw glycerol, calcium carbonate, inoculum and temperature were selected at three different levels and their ranges were further assigned based on the preliminary investigation data. L-18 orthogonal array of Taguchi experimental design was used for optimization of 1,3-PDO production. The experimental data obtained was processed using Qualitek-4 (Nutek Inc., Bloomfield Hills, CA) software. It mainly evaluates the influence of individual factors, multiple interactions of the selected factors on the process performance and determination of optimum conditions for effective production. Software operation for optimization was performed at 'bigger is better' performance characteristics for all the runs. To validate the method, 1,3-PDO production experiments were further studied by employing the established optimized process conditions from the proposed methodology and the production efficiency was evaluated.
RESULTS

Effect of raw glycerol on 1,3-PDO production
To study the effect of raw glycerol on the production of 1,3-PDO, shake flask studies were performed by the isolated K. pneumonia 141B strain with raw glycerol and pure glycerol as substrates at 37°C in pH 7 medium containing (w/v, g l ) was more than that of raw glycerol ( 8.55 g l -1
) and the molar yields of 1,3-PDO on pure and raw glycerol were 0.73 and 0.52, respectively. The byproducts formed by this strain during 1,3-PDO production were ethanol, 2,3-butanediol and succinic acid. Ethanol was obtained as a principle byproduct at a concentration of 1.21 g l -1 with pure glycerol and 2,3-butanediol was produced as a major byproduct from raw glycerol at a concentration of 0.72 g l -1
. The highest biomass of 3.6 g l -1 was reached in the culture with pure glycerol, while it reached 3.1 g l -1 in the cultures with raw glycerol. Owing to its vast availability, renewable nature and low cost, raw glycerol was chosen as a substrate for further optimization studies by K. pneumonia strain.
Preliminary fermentation studies revealed that apart from raw glycerol, yeast extract, calcium carbonate, pH, temperature and inoculum level were the critical medium components for 1,3-PDO production by this isolated strain (results not shown). These six factors were taken at different concentrations in three levels for further evaluation (Table 1) with Taguchi experimental design. The Qualitek-4 software was equipped to use L-4 to L-64 arrays along with a selection of 2-63 factors with two, three and four levels to each factor. The automatic design option allowed Qualitek-4 to select the array used and assign factors to the appropriate columns. L-18 orthogonal experimental plan layout, along with 1,3-PDO production values is depicted in Table 2 . Evaluation of data based on L-18 orthogonal array (OA) experimental design indicated a variation of 1,3-PDO production values , suggesting the imperative role of selected factors and their concentration on product yield.
Trend of influence of factors on 1,3-PDO production
By studying the main effects of each of the factors, the general trends of the influence of the factors toward the process can be characterized. The process efficiency has been found to be very much dependent on the selected process conditions. The average effect of the factors along with the interaction at the assigned levels on the performance of 1,3-PDO production is depicted in Table  4 and Figure 2 . Factor analysis at individual level revealed that pH, yeast extract, inoculum and temperature at level 2, raw glycerol and calcium carbonate at level 3 were optimum for 1,3-PDO production. Among all selected factors, raw glycerol was the most influential factor for 1,3-PDO production as it contributed maximum variability of 16.31 g l -1
. Temperature was the next factor that exhibited significant contribution to variability at 14.33 g l , followed by calcium carbonate at 13.63 g l -1 , pH at 13.58 g l -1
, inoculum level at 13.43 g l -1 and least influence was exhibited by yeast extract concentration at 12.61 g l -1
.
Factors interactions
Understanding the impact of each individual factor is the key for a successful fermentation process. The interaction effect between two factors was measured in terms Figure 3 . It was evident from the figure that the 1,3-PDO production was increased from 1.8 to 8.51 g l -1 from the control to calcium carbonate supplemented medium, respectively. Though raw glycerol influenced 1,3-PDO production greatly at individual level (Figure 2 ), its interaction with other factors did not show significant effect on the 1,3-PDO yield (Table 3 ). Yeast extract at individuall level (Figure 2 ) showed least influence on 1,3-PDO production, but its interaction with other factors such as pH and temperature elucidated a remarkable SI values of 64.81 and 58.17%, respectively and moreover, these two factors were physical factors. pH interaction was noticed to be highest among all the studied factors (Table 3) suggesting its importance in 1,3-PDO production by this strain, even though it was the fourth important factor at individual level. This could be evidenced based on the observation that it showed maximum interaction with yeast extract (64.81%), temperature (58.51%) and inoculum (50.57%) in addition to calcium carbonate (75.87%). However, in the experiment, a very less interaction of 8.91% was noticed between pH and glycerol, a high influencing Afr. J. Biotechnol. factor at individual level in 1,3-PDO fermentation process.
ANOVA (analysis of variance)
The contribution of individual factors is the key for the control to be enforced on the 1,3-PDO production processes. ANOVA was used to analyze the results of the OA experiment and to determine how much variation each factor had contributed. ANOVA with the percentage of contribution of each factor with interactions is shown in Table 4 . F-ratios (in ANOVA), reveals the significance of the controlling factors for the fermentation process. It is evident from F-ratios, that all the factors and interactions considered in the experimental design had statistically significant effects at 95% confidence limit. The variability of the experimental data was explained in terms of significant effects. It can be observed from Table 4 that experimental DOF was 17, while factors-DOF was 2. The percentage contribution was calculated for each individual factor by the ratio of pure sum to the total sum of the squares. The most influential factor was the raw glycerol for 47.03% of the overall variance of the experimental data followed by temperature (22.94%), pH (17.28), calcium carbonate (5.89), inoculum level (5.09) and yeast extract (1.62%). Nearly 50% contribution on 1,3-PDO production was observed with raw glycerol alone and 40% contribution noticed was with the physical parameters such as temperature and pH. Of all the selected factors, yeast extract was found to be the least significant at individual level.
Optimum conditions and validation
Optimum conditions and individual parameter performance in terms of contribution for achieving higher 1,3-PDO yield are shown in Table 4 . Based on this information, optimum 1,3-PDO yield was achieved at pH 7 with 7.5 g l -1 of yeast extract, 60 g l -1 glycerol, 7.5 g l -1
calcium carbonate using 2% (v/v) inoculum at a fermentation temperature of 37°C. These optimum conditions revealed the importance of physical factors and media components along with their concentrations in 1,3-PDO production with this microbial strain. The average performance of this strain in 1,3-PDO production was observed to be 11.81 g l -1 which represented > 46% in the overall production (Table 4) . However, all fermentation factors contribution was noticed to be 13.41 g l -1 , which represented > 53% in the overall production. The model predicted that a maximum of 25.22 g l -1 of 1,3-PDO could be obtained using the mentioned optimal conditions. The experimental production of 1,3-PDO yielded 24.82 g l -1
, which was in close agreement with the model predicted value. At optimized environment, 1,3-PDO production was increased from 8.55 to 10.2 g l -1 at initial 20 g l -1 raw glycerol concentration, representing an overall improvement of 19% than that of the conventional approach. The process variation at current and improved conditions with the function of frequency distribution is shown in Figure 4 . It can be observed from the figure, that a substantial increase in frequency distribution was observed with the optimal factors.
DISCUSSION
Commercial success of any biotechnological product depends on several factors such as microbial strain potential, substrate cost, fermentation economics and product yield. In this study, the isolated strain, K. pneumoniae 141B is a potent strain as it has higher 1,3-PDO production potential at a molar yield of 0.73 mol mol -1 from glycerol. In most of the cases, the observed molar yield of 1,3-PDO to glycerol was between 0.35 to 0.65 (Hao et al., 2008; Barbirato et al., 1998) . When compared with pure glycerol, the organism reported low molar yield with raw glycerol at 0.52 mol mol -1 . The reason for this could be attributed to the dilution of raw glycerol concentration to 74% in comparison to 99% pure glycerol and impurities present in the raw glycerol derived from biodiesel preparation also reduced the 1,3-PDO yield. In general, 1,3-PDO production from pure glycerol is not an economically feasible process since it has fairly high value commercial chemical, historically valued at $ 0.60 to $0.90/lb. 1,3-PDO production with raw glycerol increases the profitability of the overall process as the price of raw glycerol has fallen to about $0.05/lb, primarily because of the increased production of biodiesel (Johnsona and Taconi, 2007) . Owing to higher 1,3-PDO production potential of this isolate, further improved studies were undertaken by exploiting Taguchi methodology with raw glycerol as a cheaper substrate because the statistical optimization methods improve the productivity with minimum number of experiments.
All experimental trials in the selected design supported the production of 1,3-PDO, although its concentration varied from 4.2 to 23.4 g l -1 (Table 2) . From this, it is evident that not only the presence of key components but also appropriate proportion of each of these factors were essential for maximum production of 1,3-PDO. Among all selected factors, raw glycerol concentration had a detrimental role on 1,3-PDO production (Figure 2) , such carbon source concentration dependent on 1,3-PDO production regulation has been noticed in different microbial strains (Barbirato et al., 1998) . With increase in raw glycerol concentration from level 1 (20 g l . The productivity usually decreases at higher glycerol concentration, due to the increased fermentation time and feedback inhibition exerted by high substrate concentration. This observation correlated well with the reported data on 1,3-PDO production with earlier reports Zeng et al., 1994) .
In general, calcium carbonate role was considered as maintenance of the medium pH (buffer) during fermentation. Figure 3 reveals that absence of calcium carbonate in the medium (control flask) resulted in the drastic decrease in the production of 1,3-PDO to 1.8 g l -1
and moreover, supplementation of carbonates in the form of sodium and potassium carbonates was also not aided much in the production. Presence of calcium carbonate in the medium enhanced the production of 1,3-PDO to 8.51 g l -1
, which indicates that the organism utilized carbonates for buffering action and calcium ion as cofactor for enzymes involved in the 1,3-PDO synthesis. Toraya et al. (2010) reported that the calcium ion was required for the catalysis of diol dehydratase which catalyzes the conversion of glycerol to 3-hydroxypropionaldehyde, an intermediate compound in the metabolic pathway of 1,3-PDO. This could explain the dual role of calcium carbonate as an activator for proteins as well as a buffering agent in the medium. It was further confirmed based on the observation that calcium carbonate had the highest strength of interaction of 75.87% with pH as well as it was the third most significant factor that affects the production of 1,3-PDO. Rosso et al. (1995) described the maximum microbial specific growth rate as a function of pH and temperature in his new model for microbial growth. In this study, the physical parameters such as temperature and pH had a significant role in the microorganism growth and fermentation as they contributed 40% for the production of 1,3-PDO. The formation of 1,3-PDO increased, when the pH was increased from level 1 to level 2 (near neutral) and subsequent increase to level 3 resulted in declined production. Highly acidic or alkaline conditions generally inhibit microbial activity and most bacteria favor neutral conditions. Bacterial species generally grow well in the temperature range of 25 to 45°C and with increase in operation temperature from level 1 (34°C) to level 2 (37°C), higher production was documented and further increase to level 3 (40°C) resulted in the lower yield. These results were consistent with the previous reports (He et al., 2002) ; the optimum pH value and temperature for the growth of K. pneumoniae for 1,3-PDO formation were 7.0 and 30 to 37°C, respectively. The fermentation of glycerol by C. pasteurianum was regulated under a pH of 6.5 at 30°C (Biebl, 2001) .
The inoculum level was also an important factor for the production of 1,3-PDO. The production was found higher up to 2% (v/v) inoculum (level 2), and subsequent increase in the inoculum concentration (level 3, 3%) reduced the production efficiency. The reason could be due to exhaustion of nutrients in the fermentation broth. Yeast extract was the least significant factor of 1,3-PDO production among all selected factors as it contributed 1.62%, although its absence in the fermentation medium effected the production drastically with this strain (results not shown). Among various organic nitrogen sources, Jalasutram et al. 18501
yeast extract was considered as the best source for the growth of K. pneumoniae during 1,3-PDO production (Gunzel et al., 1991; Chen et al., 2005) . It is obvious that high level of glycerol and calcium carbonate, medium level of pH, temperature, inoculum level and yeast extract favoured high titers of 1,3-PDO production. The molar yield of 1,3-PDO was increased from 0.52 to 0.62 mol mol -1 of glycerol from conventional method to statistical approach, representing an overall improvement of 19% in the production. The 1,3-PDO yield obtained by the present stain (K. pneumoniae 141B strain) from raw glycerol derived from Jatropha oil transesterification was higher than that of the earlier reports, who reported 0.54 and 0.47 for crude glycerol derived from lipase and alkali catalyzed transesterifications (Mu et al., 2006) . The productivity of the stain was also increased from 1.06 to 1.27 g l -1 h -1 by this Taguchi methodology at initial glycerol concentration of 20 g l -1
. This study using L-18 orthogonal array confirmed Taguchi methodology as a qualified method to optimize the 1,3-PDO culture conditions by K. pneumoniae 141B strain.
Conclusion
The impact of different fermentation variables on 1,3-PDO production by the isolated K. pneumoniae 141B was investigated using Taguchi methodology. On the whole, all selected factors showed impact on 1,3-PDO production by this isolated microbial strain, either at individual or interactive level. The raw glycerol concentration individually showed significant influence on the process performance, followed by temperature, calcium carbonate, pH, inoculum level, and yeast extract. While in combination, pH with calcium carbonate and pH with yeast extract showed positive influence over the process performance. A more than 19% overall increase in the production of 1,3-PDO was observed with the statistical design. Hence, this design proved to be crucial in achieving exponential increases in the production of 1,3-PDO.
